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Scintillator non-linearity is an important parameter in calibration of scintillators, especially when mea-
suring ions. Here we investigate the response of two scintillators, namely BGO (Bi4Ge3O12) and BSO
(Bi4Si3O12), to different ions from helium to iron. We compare the scintillator output with the energy loss
according to GEANT4 simulations and determine the quenching parameters for each ion species. BGO and
BSO share the same crystalline structure but differ in one single component, therefore we also analyse
differences in light output and non-linearity between the two scintillators caused by this similarity
and present a model predicting these effects for heavy ions.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Scintillators are commonly used to detect radiation. Quenching
[1] introduces a non-linearity in the light output of scintillators
which has to be considered during calibration of an instrument
or detector. In the literature this phenomenon has often been
investigated. There are measurements with electrons, X-rays
and/or c-rays [2–4] but only few publications for ions, and these
focus on light ions [5] or lower energy ranges [6,7]. Nevertheless
there is some data available for BGOs response to heavy ions [8].
All of those previously mentioned publications focus on stopping
heavy ions while we also include penetrating ions in our study to
extend the validity range of our model.
There are only few applications in which heavy ions are rou-
tinely measured. Consequently, there are only few measurements
of the quenching of the light output of heavy ions. Nevertheless,
in these applications, the knowledge of scintillation performance
parameters is vital to achieve an accurate energy measurement
with good resolution. With their high density scintillators provide
high stopping power within a small volume, which can be further
reduced when using a photodiode readout instead of photomulti-
pliers. Small volume and the ensuring low packaging mass make
scintillators very attractive for radiation measurements in space.
For instance the Radiation Assessment Detector (RAD) [9] on
NASA’s Curiosity rover [10] uses a CsI scintillator.
In this paper we measure the response of Bismuth Germanate
(BGO, Bi4Ge3O12) and Bismuth Silicate (BSO, Bi4Si3O12) to ions fromhelium to iron and compare those results with GEANT4 simula-
tions of the expected energy deposition. BGO and BSO have the
same crystal structure and differ only in one atom type which is
Germanium for BGO and Silicon for BSO. This similarity becomes
visible in the physical properties of both crystals where many
parameters such as radiation length and peak emission/excitation
are almost the same while the density differs by only 5% due to dif-
ferent atomic masses [11,12]. Considering this similarity we eval-
uate the effects it has on the scintillation parameters. We
describe the experimental setup in Section 2, the simulations per-
formed to estimate the quenching in Section 3 and the energy cal-
ibration in Section 4. Section 5 gives the experimental results
which are discussed and interpreted in Section 7.2. Experimental setup
The BSO crystal was bought from Molecular Technology (Mol-
Tech) GmbH and has a cubic shape with 2 cm edge length. The
BGO crystal was bought from Eckhard Kruse Meechnik and has a
hexagonal shape with 2 cm side length and 2 cm thickness. Both
crystals were originally polished on all surfaces.
Two opposing sides of each crystal were roughened and a
Hamamatsu photo diode S3590-19 was glued with Dow Corning
DC93-500 space grade glue to each of these two sides. All other
faces remained polished. After gluing the diodes both crystals were
wrapped in two layers of nitrocellulose ﬁlter sheets (Millipore Cor-
poration, 0.45 lm pore size, 140 lm thick) and two layers of PTFE
(150 lm in total) to minimize light loss.
The experimental setup is illustrated in Fig. 1. For the BGO mea-
surements two circular silicon passivated ion-implanted planar sil-
(a) BGO Setup with bare silicon detectors (D) as track-
ing detectors.
(b) BSO Setup with photodiodes with ceramic back (D)
as tracking detectors.
Fig. 1. Experimental setup (not to scale). The main components are: (A) HIMAC
beam monitor, (B) PET absorber, (C) entrance window covered with Al foil, (D)
tracking detectors, (E) Crystal (blue) with two readout diodes (green) and (F)
anticoincidence detector (photodiode). Stopping particles are marked with solid
arrows and penetrating particles with dotted arrows. The gray areas around the
photo diodes indicates their ceramic casings. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
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were placed in front of the crystal (shown in blue) at 5 mm and
45 mm distance from the crystal front. They serve as tracking
detectors for the ion beam. In Fig. 1(a) they are indicated as green
rectangles and labeled ‘‘D’’. One photo diode (Hamamatsu S3204)
was placed behind the crystal acting as anticoincidence (labeled
F). In the case of BSO (bottom label) two photodiodes (Hamamatsu
S3590-19) were used as tracking detectors (D) and anticoincidence
(F). In both conﬁgurations the scintillators were read out by photo-
diodes (labeled ‘‘E’’) and the detectors and crystals were put into
light tight boxes with an entrance window covered by 50 lm thick
aluminum foils (C). Each detector is connected to a charge sensitive
preampliﬁer followed by two shapers (2.2 ls shaping time) with
times 1 and times 16 gain, followed by two ADCs with FPGA read-
out at 3 MHz. From the ADC data the pulse-heights of all channels
are reconstructed. A similar data-acquisition system is being devel-
oped for the Energetic Particle Detector (EPD) on the Solar Orbiter
mission [13,14].
Heavy ion (He, C, O, Ne, Si and Fe) beams were provided by the
Heavy Ion Medical Accelerator in Chiba (HIMAC) [15], Japan. We
used the ions listed in Table 1 with a rate of 100–1000 ions/s for
a duration of 15 minutes per datapoint. The energy of monoener-
getic incident particles was reduced using polyethylene (PET)
blocks with different thicknesses (Fig. 1B). All absorber thicknessesTable 1
List of primary ions with their energies and thicknesses of polyethylene absorber.
Ion Energy/MeV/nuc Absorber thicknesses/mm
BGO
He 100 0, 30, 60
230 0, 151, 222, 234, 243, 244, 249, 252, 253, 264, 272, 283, 28
314, 314.5
C 400 0, 151, 171, 171.5, 181.5, 191.5, 196.5, 201, 211.5, 215, 22
O 400 0, 40, 60, 80, 103, 117, 126, 130, 146, 150, 166, 180
Ne 600 0, 151, 176, 214, 224, 229, 239, 250, 259, 270.5, 279
Si 600 0, 40, 60, 120, 160, 180, 190
800 0, 121, 201.5, 249, 259, 269, 289, 304.5
Fe 500 18, 28, 30, 35, 40, 45, 55, 65, 70are listed in Table 1. A scintillator for controlling particle ﬂux was
positioned 5 cm behind the beam exit window with varying thick-
nesses of 50 lm (C, O, Si, Ne, Fe) and 3 mm (He) (Fig. 1A). The dis-
tance between beam exit and the instrument entrance window
was 80 cm in air.
3. Simulation setup
We performed simulations of all combinations of ions, beam
energies and absorber thicknesses listed in Table 1 using GEANT4
toolkit version 10.0.1 [16,17]. BSO and BGO densities were taken
as 6.80 g cm3 and 7.13 g cm3 respectively [11]. The density of
our absorber was set to 0.96 g cm3 since the measured density
of polyethylene in the experiment was 0.959 ± 0.003 g cm3. For
the density of the ceramic backs of the BSO tracking diode we used
a simple aluminum oxide based ceramic with a density of
3.9 g cm3. Consistency between simulations and experiment
was checked using the anticoincidence detector signal with barely
stopping and barely penetrating ions. Both showed a good agree-
ment of simulations and experiment.
4. Energy calibration
Energy calibration was performed in an iterative way. In a ﬁrst
step we simulated the energy deposit of cosmic muons in the scin-
tillators and assumed that quenching is negligible for these. This
seems reasonable to us since electrons [18] and protons [5,19]
are commonly used as references when calculating quenching
parameters. Subsequently we veriﬁed that penetrating secondary
protons from fragmentation inside the polyethylene absorber were
in good agreement with this calibration after which they were
added as additional calibration points. This procedure was
repeated with penetrating helium ions without any absorber. As
one can see in Fig. 2 this method leads to good calibration curves
for both crystals conﬁrming the assumption of negligible quench-
ing for penetrating protons and helium. The silicon detectors were
calibrated using the same procedure and the same datapoints.
5. Experimental results
Fig. 4 shows selected data points of simulated (left) and cali-
brated experimental data (right) for carbon ions in the BGO crystal.
ESi and ECrystal denote the calibrated energy deposit in the ﬁrst
tracking detector (Si) and in the Crystal. The simulated energy
deposit in the tracking detector agrees very well with the experi-
mental values while the energy measured in the scintillators is
reduced by the quenching effect when compared to the simulated
values. As the ion energy approaches the Bragg peak, the measured
energy is approximately 45% lower than the simulated energy
deposit. We ﬁtted the position of each peak individually using aBSO
4, 304.5, 0, 151, 202, 224, 243, 244, 247, 253, 263, 269, 283, 289, 303,
309.5, 314.5
4, 245, 249, 259 0, 101, 151.5, 214, 224, 244, 196.5
0, 51, 81, 111, 121, 131, 152, 172
0, 151, 196.5, 214, 224, 229, 239, 259, 269, 279, 289, 292
0, 214, 254, 259, 279, 294.5, 304.5, 319.5
0, 5, 8, 13, 18, 28
Fig. 2. Calibration for BGO (a) and BSO (b) crystals with 95% conﬁdence interval calculated from the present datapoints.
Fig. 3. Simulation of energy loss per path length versus total Energy of particle for
different ion species (dots) in BGO. The solid line represents a function which is
proportional to E0:7 and the dashed one a function which is proportional to E1.
Fig. 4. ESi vs. ECrystal intensity map for simulation (left) and experiment (right) for BGO c
electronics noise. Trigger levels for the experiment were set to 1.5 MeV for tracking d
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values for rSilicon and rCrystal. We compare the resulting peak posi-
tions for measurement and simulation in Fig. 5. These peak posi-
tions correspond to the measured (simulated) energy deposits in
the two crystals, BGO and BSO. The measured energy deposits (in
MeV/nuc) are plotted vs. simulated energy deposit in red symbols
for BGO and blue for BSO. Ions having enough energy to penetrate
through the crystals and trigger the anticoincidence are plotted as
triangles while particles stopping in the crystals are plotted as
squares.
A simple approximation for the curves of stopping particles can
be derived assuming Birks-like quenching [1]. In this case the light
output, dL, per unit length, dx, can be described asdL
dx
¼ S
dE
dx
1þ KB dEdx
ð1Þwhere S describes the efﬁciency for converting the energy deposited
per unit length into scintillation photons, B  dEdx describes the
probability to create defects along the particle’s path and K is the
trapping probability inside a defect compared to ‘‘normal’’ radiativerystal and carbon ions. Counts are not normalized and experimental data includes
etectors.
Fig. 5. Light yields for all six ions with ﬁts of analytical light curve Eq. (3) to stopping particles (dashed lines). Numerical solution of Eq. (3) including stopping particles in
2 cm of crystal material (solid line). Particles without any quenching are expected to lie on the diagonal black dotted line with a slope of 1.
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ues, the energy loss dEdx, is often approximated as [20]
dE
dx
 C  AZ
2
E
; ð2Þ
which allows one to determine an analytical expression for the
integral:
LðE;A; ZÞ ¼
Z
dL ¼
Z xmax
0
dx
S dEdx
1þ KB dEdx
¼ f 1  E f 2  AZ2  log
Eþ f 2  AZ2
f 2  AZ2
 ! !
ð3Þ
For ions stopping inside the scintillator [5] xmax is the range inside
the crystal.f 1 ¼ S ð4Þ
is a measure of the energy to light conversion efﬁciency for a speci-
ﬁc ion while
f 2 ¼ C  KB ð5Þ
describes the probability for quenching of charge carriers. Fitting
Eq. (3) to the datapoints of stopping ions (squares in Fig. 5)
leads to the dashed lines in Fig. 5. These lines are thus the
calibration curves for BGO and BSO for the various ions indicated
beneath.
Although Eq. (2) is a commonly used approximation which
leads to an analytically solvable equation, we found that the energy
loss in the particular energy range covered in this paper is better
described by (see also Fig. 3):
Table 2
Fit results for the analytical solution (Eq. (3)) for stopping particles (left half) and for the numerical ﬁt of Eq. (1) for the same datapoints (right half).
Ion Crystal Analytical solution Numerical solution
dE
dX / E1 dEdX / E1
f1/a.u. f2/MeV f1/a.u f2/MeV
He BGO 0:921 0:022 0:434 0:143 0:916 0:025 0:397 0:162
BSO 0:957 0:026 0:083 0:112 0:952 0:025 0:055 0:099
C BGO 0:700 0:060 0:384 0:168 0:698 0:060 0:379 0:167
BSO 0:907 0:007 0:535 0:017 0:908 0:007 0:539 0:017
O BGO 0:790 0:119 0:551 0:267 0:790 0:119 0:551 0:267
BSO 0:913 0:043 0:502 0:094 0:914 0:043 0:505 0:094
Ne BGO 0:663 0:008 0:276 0:014 0:662 0:009 0:274 0:015
BSO 0:733 0:009 0:191 0:010 0:731 0:010 0:188 0:010
Si BGO 0:589 0:062 0:120 0:062 0:590 0:062 0:120 0:062
BSO 0:641 0:017 0:059 0:014 0:642 0:017 0:060 0:014
Fe BGO 0:442 0:020 0:009 0:006 0:442 0:020 0:009 0:006
BSO 0:578 0:005 0:021 0:002 0:578 0:005 0:021 0:002
Table 3
Fit results for the numerical solution of Eq. (3) in combination with Eq. (2) dEdX / E1
 
and (6) dEdX / E0:7
 
for stopping and penetrating particles.
Ion Crystal Numerical solution, added penetrating ions
dE
dX / E1 dEdX / E0:7
f1/a.u. f2/MeV f1/a.u f2/MeV
He BGO 1:002 0:013 1:052 0:144 1:043 0:014 0:372 0:039
BSO 1:007 0:010 0:347 0:083 1:024 0:011 0:137 0:026
C BGO 0:868 0:023 0:902 0:103 0:995 0:031 0:185 0:018
BSO 0:912 0:016 0:555 0:054 0:996 0:017 0:113 0:008
O BGO 0:793 0:015 0:600 0:053 0:902 0:021 0:104 0:008
BSO 0:833 0:031 0:379 0:099 0:914 0:042 0:066 0:014
Ne BGO 0:699 0:010 0:337 0:022 0:774 0:009 0:053 0:002
BSO 0:761 0:018 0:225 0:026 0:841 0:019 0:041 0:003
Si BGO 0:626 0:012 0:164 0:018 0:679 0:015 0:022 0:002
BSO 0:691 0:025 0:107 0:029 0:733 0:029 0:015 0:003
Fe BGO 0:442 0:020 0:009 0:006 0:452 0:027 0:001 0:001
BSO 0:507 0:013 0:000 0:001 0:514 0:032 0:000 0:001
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dx
 C  AZ
2
E0:7
: ð6Þ
Using this expression for dEdx in Eq. (1) leads to an integral (3)
which cannot be solved analytically. Therefore, we solved (3)
numerically. To check the validity of this treatment, we also
numerically integrated (3) for dEdx given by Eq. (2). We then ﬁtted
the constants f 1 and f 2 to the data for the analytical and both
numerical solutions. Tables 2 and 3 list the resulting ﬁtting param-
eters which are also plotted in Figs. 6 and 7. Figs. 6(a) and 7(a)
show the results listed in Table 2. There we compare our analytical
solution (Eq. (3)) with the numerically integrated Eq. (2). The two
should ideally be the same. One can see that both ﬁts agree very
well within their errorbars. This assures us that our numerical
solution is accurate enough for our purposes. For this comparison
we limited our dataset to stopping ions. Stopping means that the
ion does not have enough energy to penetrate through the scintil-
lating crystal and does not trigger the anticoincidence. The limita-
tion to stopping ions has the advantage that we can set one limits
of the integration (Eq. (3)) to zero. Otherwise we would need to use
the calculated stopping energy as integration limit which would
possibly decrease the accuracy of our result.
The results in Table 3 correspond to the curves in Figs. 6(b) and
7(b). These results are obtained by using all datapoints of stopping
and penetrating particles and numerically integrating Eqs. (2) and
(6). In the following Section 5.1 we describe in detail how our
errors were estimated and thereafter we discuss our results in
Section 7.5.1. Error estimation
The two dominant sources of uncertainties are the energy cali-
bration and the thickness and density of the PET energy absorbers.
The ﬁrst error can be directly calculated from the conﬁdence inter-
val of our calibration. The second uncertainty was estimated by
varying the absorber thickness in the simulation and comparing
the values of the energy depositions in the tracking detectors.
The absorber thickness, d, in our simulations was varied around
the measured value of the absorber, d0, until the simulated and
experimental energy deposits in the tracking detectors were equal
ESi;simðdÞ ¼ ESi;expðd0Þ: ð7Þ
The resulting simulated crystal energy at modiﬁed thickness
ECrystal;simðdÞ was then compared to the simulated energy at mea-
sured thickness ECrystal;simðd0Þ. The difference between those two val-
ues should then be a measure for the uncertainty due to possible
variations in effective material thickness. For the uppermost peak
in Fig. 4 (at ECrystal;exp ¼ 500 MeV and ESi;exp ¼ 16 MeV) this leads to
an error of 2%. This procedure also covers alignment errors for the
absorber since a possible small tilt angle would result in a slightly
thicker effective absorber.
The absorber thickness error yields greater uncertainties the
lower the energy of the incident particle is because the high
non-linearity of the energy loss near the Bragg-peak results in large
differences due to small variations in the absorber thickness. This
leads to larger error bars for stopping ions with low energies.
The effect can especially been seen in Fig. 5(a) where the four data
Fig. 6. Fit results for f 1 parameter for BGO (red) and BSO (blue). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)
Fig. 7. Fit results for f 2 parameter for BGO (red) and BSO (blue). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)
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fer a lot from the calculated light yield curve and they partly lie
above f ðEÞ ¼ E which is unphysical. The estimated energy error
for these points is 60%, assuming 2% uncertainty for the absorber
thickness. Nevertheless this error non-linearity only affects very
low energy stopping particles and is included in the error bars plot-
ted in Fig. 5.6. Model for parameterization of BGO and BSO quenching
We developed a simple model to describe the scintillation prop-
erties of BGO and BSO for heavy ions. It predicts the values for f 1
and f 2 for different heavy ion species using a limited number of
parameters. We plan to verify this model by testing BGOwith other
heavy ion species in the future. The model uses the following two
functionsf 1ðZÞ ¼minðI1;A1  expðk1  Z þ O1ÞÞ ð8Þ
and
f 2ðZÞ ¼ I2  expðk2  ZÞ ð9Þ
to describe the dependence of f 1 and f 2 on Z. Both functions are ﬁt-
ted to the individual results of f 1 and f 2 as determined in the previ-
ous sections for the numerical solution with dEdx / E0:7 (data with
blue and red diamonds in Figs. 6(b) and 7(b)). The helium data
was omitted for the f 2 parameter because the helium datapoints
which determine the f 2 parameter have large uncertainties (see
Fig. 5(a) in the low energy region below 30 MeV/nuc). The resulting
parameter values for both crystal types (BGO, BSO) are listed in
Table 4 and the corresponding functions are plotted in Fig. 8 as solid
lines.
The quality of this remarkably simple model can be seen in
Fig. 9 which shows the same data as in Fig. 5 but now with the
Table 4
Fit results for Eqs. (8) and (9) to the data of Figs. 6 and 7(b).
BGO BSO
I1 1:043 0:121 1:024 0:052
A1 1:109 0:077 0:978 0:014
k1 0:089 0:021 0:062 0:004
O1 0:344 0:071 0:321 0:026
I2 0:851 0:203 0:543 0:034
k2 0:272 0:024 0:261 0:008
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dicted by our model using the values in Table 4. In contrast, the
solid lines describe the best individual ﬁt for each ion/crystal com-
bination of the numerically solved Eq. (1) with the approximation
of Eq. (6) using all datapoints (stopping and penetrating ions).
The energy-to-light curve described by our model follows those
of the individual ﬁts with almost no deviation for oxygen and heav-
ier ions. Small deviations can be seen for carbon but the model still
describes the measured data very well within the errors of the
individual datapoints and might also be taken as good approxima-
tion for this ion species. For helium the larger deviations are caused
by the fact that the helium data was excluded from our model for
the f 2 parameter. Overall the model describes the energy-to-light
conversion ratio for both BGO and BSO crystals in this particular
energy range from a few MeV/nucto approximately 100 MeV/nuc
very well within the errors of the experimental results.6.1. Implications for the Birks constant, KB
Using our model for parameter f 2 from Eq. (9) and combining it
with Eq. (5) leads to an expression for the Birks constant:
KB ¼ f 2ðZÞ
CðZÞ ð10Þ
where C originates from Eq. (6) and can be estimated from Fig. 3 for
BGO and in the same way for BSO which is not shown here. Fig. 10
shows the quotient of the modeling function (9) and the CFig. 8. Fit results for the model functions (8) and (9) to the individual parameters f 1 and
ﬁgure legend, the reader is referred to the web version of this article.)parameter as a function of particle Z value. This is the value for
the Birks constant for different types of ions. Helium data is again
excluded before ﬁtting the exponential decay
KBðZÞ ¼ A  expðB  ZÞ ð11Þ
to the data points since the it was shown in the previous section
that the model fails in describing the helium behavior. Nevertheless
the calculated data points for helium are plotted and the ﬁt results
are shown in Table 5. It can be seen that all data points except the
ones of helium are well described by an exponential law, the helium
data points follow the same trend, but differ from their expected
values when compared to the other ion species.7. Discussion and conclusions
Scintillators are used in many applications and an accurate
knowledge of their light output is required for any quantitative
analysis. In principle, one would need to calibrate every detector
with all expected ion species, which is unrealistic. Here we pre-
sented a model which predicts the quenching properties of BGO
and BSO which has been ﬁtted to calibration data for He, C, O,
Ne, Si, and Fe. It does not predict the absolute light yield of BGO
and BSO which differs by approximately a factor of 5 [11], but
the relative behavior of the two scintillators and various heavy
ions. It is required to pass through zero light output for vanishing
incident energy, and shows an asymptotically linear behavior
which is superimposed by a non-linear one at low energies for
stopping ions. The light output shows the opposite behavior for
penetrating ions. We investigate the non-linear nature of the light
output and have ‘‘calibrated out’’ this overall factor 5 by using
muons, protons, and one high-energy He data point for which a lin-
ear behavior and no quenching is expected. Thus, this factor 5 is
not reﬂected in our f 1 parameter which describes the energy to
light conversion efﬁciency. With the use of calibrated data we also
exclude any inﬂuence of the crystal geometry to affect our analysis.
Therefore the observed difference in the linear regime (f 1),
between BGO and BSO is real.f 2 for BGO (red) and BSO (blue). (For interpretation of the references to color in this
Fig. 9. Data from measurement (squares/triangles) for both BGO (red) and BSO (blue) together with the best individual ﬁt for each ion species (solid lines) and the model
described in Section 6 (dashed lines). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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this energy range is better described by E0:7 than by the conven-
tionally used E1:0. Using this expression for the energy loss, we
ﬁnd that both crystals qualitatively show the same behavior for
f 1 and f 2. For f 1 it looks like a step function with a plateau up to
carbon (Z ¼ 6) which is followed by an exponential decrease
towards heavier ions (ZJ14). The f 2 parameter also shows an
exponential behavior for BGO as well as BSO, but requires a sepa-
rate treatment of He. The decay constant k2 is very similar for the
two scintillators. The f 2 parameter is mainly responsible for the
curvature of the light yield in the lower energy range, so its value
may also be affected by the small number of data points and by lar-
ger uncertainties in this region which is particularly true for the
helium datapoints (see Section 5.1) making it hard to derive the
exact shape in this region. The large uncertainties for heliummightalso be a reason why our model describes the performance of other
ions very precisely with one set of parameters while the helium
data needs to be treated separately. Other (doped) scintillators
[21] may be described with a single set of parameters, including
helium, using also a Birks like approach. However, this might still
be a scintillator speciﬁc property of BGO and BSO.
The f 1 parameter is comparable to the slope of the models used
to describe the BGO behavior in other publications [8,7]. There the
slope is found to be linear with logðAZ2Þ for similar ions and ener-
gies. In the particular Z-range investigated here our curve for the f 1
parameter may also be described by a linear dependence with
logðAZ2Þ within the estimated errors, excluding our helium
datapoints.
On the other hand, our f 2 parameter is not comparable to the
intercept used in those models [8]. Especially in the low-energy
Fig. 10. Calculated values for Birks constant KB as a function of Z (squares).
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output reaches zero. Low energy data [7] shows a steady decrease
without a cut-off. Our model provides such a steady decrease and
light output converges to zero when particle energy is diminished.
It is for this reason that we believe that our model to describes the
scintillator response better than others.
One can see that the ﬁt parameters change slightly when adding
additional data points from penetrating ions, but those changes
can still be explained within their uncertainties. In contrast to that
the choice of E1 or E0:7 is affects the absolute values of f 2 consid-
erably, as can be seen in Fig. 7(b).
It is noticeable that f 1 of BGO lies systematically below the one
of BSO and vice versa for the f 2 parameter. This causes the linear
portion of the BGO light curves (see Fig. 5) to be ﬂatter than those
of BSO. A perfect scintillator with linear energy-to-light conversion
would follow the black dashed line in Fig. 5. BSO therefore, despite
his lower absolute light output, is closer to the optimal linear
light-to-energy relation than BGO.8. Summary
We measured the response of BGO and BSO to He, C, O, Ne, Si
and Fe ions in the energy range of several tens to hundreds
MeV/nuc with a dual photodiode readout system designed for
space applications and compared those measurements with
GEANT4 simulations. We showed that the very simple Birks-like
approach which describes quenching inside an inorganic crystal
can be used as a ﬁrst approximation to describe light yields of
heavy ions in both scintillators. We also showed that the choice
how to approximate the energy loss dEdx / E1 or dEdx / E0:7 has a
strong impact on the calculated light yield parameters. We found
that the latter choice (E0:7) better describes our data. The two dif-
ferent crystal types, BGO and BSO, behaved qualitatively in a very
similar way as one would expect based on their identical crys-
talline structure. Nevertheless the nonlinearity in their light output
differs quantitatively by a few percent up to a few ten percent
depending on the incident ions. We presented a simple model
which predicts the quenching properties of these scintillators withTable 5
Fit results for Eq. (11) as seen in Fig. 10.
BGO BSO
A 0:022 0:001 0:013 0:001
B 0:252 0:006 0:241 0:006remarkable accuracy for heavy ions (Z56). Future tests with addi-
tional ions species will allow us to verify and possibly reﬁne the
model.
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